Evolution should have played important roles in determining folding mechanisms and structures of proteins. In this article we discuss how the folding mechanisms had been affected by the early stage of evolution through which the uniqueness of structure had developed. Although the process of such early-time evolution has remained a mystery, a plausible scenario is that the evolution of proteins toward the ordered structures was guided by functional selection pressure as demonstrated in vitro and in silico. We examine the in silico functional selection of sequences and show that there is a significant correlation between two different processes toward the unique 3D structure, the evolutionary development of structure through sequence selection, and the folding process of the resultant sequence. This finding could be rephrased as protein folding recapitulates the emergence of topology in the molecular evolution. The correlation suggests a guideline for engineering foldable proteins.
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functional selection ͉ molecular evolution ͉ superfunnel ͉ folding mechanism ͉ energy landscape E rnst Haeckel's statement that ontogeny recapitulates phylogeny, or the embryonic developmental process is a repeat of the evolutionary process, has been a subject of intense intellectual argument since the 19th century (1) . Although his claim has been regarded as incorrect in its literal sense, comparison of the developmental process and the evolutionary history has been productive as witnessed in the recent advancement in evolutionary developmental biology or ''evo-devo.'' The early stages of development are typically conserved among the evolutionarily related species, whereas the later stages tend to differ (2) (3) (4) . Such a correlation between the developmental and evolutionary processes should be based on the bottom-up features of these structure formation processes, which are typical in natural organisms but are rare in artifacts. Both processes share the feature that the cumulative effects of small modifications in the local rules within each cell and between cells progressively brings about the intricate balance among the local rules found within the present-day organisms.
Here, we should point out that such local and cumulative features of the structural organization are not limited to embryonic development but are ubiquitous in cellular and molecular biological structural formation processes. In this article, we take protein folding as an example of such a biological structure formation process. Proteins fold to unique native structures according to the evolutionarily designed interactions among amino acid residues. Again, both the folding process and the evolutionary changes of sequences are cumulative processes of local changes, and thus we may be able to expect the correlation between these processes. The intrinsic relationships between the evolutionary history and the folding mechanisms have been suggested by the similarities and differences among folding mechanisms of multiple proteins (5-9). Amino acid sequence is conserved at the position of the folding core common to globins (6), differences in the folding mechanism are correlated to the evolutionary diversification in lysozymes and ␣-lactalbumins (7), and conserved folding mechanisms were found among proteins having similar native conformations (8, 9) . However, these studies compared the group of present-day proteins sharing common topology and did not directly analyze the evolutionary structural formation process itself.
As it has been well recognized that the folding ability toward unique 3D structures is not an inherent property of polypeptides but has been developed through the evolutionary selection of less-ordered structures (10, 11) , the evolutionary process before folding ability was established may have affected the folding mechanisms of the resultant foldable sequence. Such early-time evolution of proteins has remained largely a mystery. Recent in vitro experiments, however, suggested a plausible scenario that polypeptides may have evolved to be foldable to unique structures through the selection under functional requirements. Although in many cases the functional requirement imposes selection pressure on local structures at the functional sites, in vitro experiments have shown that the ability to fold to unique global structures can be established through functional selection (12) . Functional polypeptides have been selected from random sequence libraries by using mRNA-display (13) and phage-display techniques (14, 15) , and a sequence foldable to a structure that resembles the zinc-binding motif has evolved through the selection for ATP binding (16, 17) . Besides, we have previously shown, using computer simulation, that functional selection suffices to make a random sequence with disordered structure evolve into sequences foldable to unique structure (18, 19) . We take advantage here of having a system by which the evolutionary structural formation can be monitored both directly and quantitatively; we investigate the effect of molecular evolution on the folding mechanisms by closely examining the computer simulation of the functional selection of simplified model polypeptides.
Methods
Simulated Functional Selection. We assume that having a proper steric configuration at the active site is a necessary condition for polypeptides to be functional. The functionality thus defined can be evaluated rapidly for a simplified computer model of polypeptides (20) . Amino acid residues in the polypeptide are represented by beads of ␤-carbons making up a 47-residue polypeptide. At each generation of the functional selection, the folding process is simulated by using the Brownian dynamics method.
Starting from a stretched conformation, final structures from the 95,001st to 100,000th step are sampled for each of 50 individual folding runs. The fitness of the polypeptide under the selective pressure is evaluated by the degree of convergence of the active-site configuration (DCAC), defined as the reciprocal of the average deviation of positions of four active-site residues from those of the reference active-site residues of a model functional protein:
where r ij is the distance between ␤-carbons of the active-site residues and r ij functional is that in the model functional protein for which we have used the engrailed homeodomain [Protein Data Bank (PDB) ID code 1enh], a DNA binding protein. Here, residues 39, 40, 41, and 43, which are highly conserved in engrailed homeodomains of different species, are chosen as the constituents of the active site. The angle brackets represent the average over 5,000 ϫ 50 structures. Evolution is modeled here as successive trials of point mutation on a polypeptide sequence. At the ith generation of the selection, a mutant sequence mut(i) is obtained by mutating the original sequence seq(i) at a random position. From the folding simulation using mut(i), the DCAC for mut(i) is calculated. Sequence selection is biased toward the increase in fitness in a way that allows some fluctuations with the decrease of fitness to an extent determined by a control parameter T. If the DCAC is increased by the mutation, mut(i) is passed to the next generation as seq(i ϩ 1). If the DCAC is decreased by the mutation, mut(i) is selected with the probability P ϭ exp(⌬DCAC Ϫ1 ͞T), where
Ϫ1 and T ϭ 0.03, and seq(i) is selected with the probability 1 Ϫ P. Starting with a random sequence, this procedure was repeated up to the 200th generation for each evolutionary selection run.
Brownian Dynamics Simulation. The chain connecting beads of ␤-carbons is subjected to three kinds of forces: the force derived from the empirical potential, the weak attractive force between hydrophobic and other residues, and the random force corresponding to the thermal noise. The empirical potential, which depends on 20 amino acid species and the distance along the chain, was derived to represent the distribution of spatial distance between ␤-carbons in a library of protein structures (20) . The library consisted of 75 mutually dissimilar structures in the PDB. See Appendix for more details. Starting from a stretched conformation, the method can reproduce native conformations of small helical proteins such as engrailed homeodomain (PDB ID code 1enh) and calcium-binding protein (PDB ID code 5icb). It should be noticed that engrailed homeodomain is not included in the library, so that there is no specific bias toward the structure of engrailed homeodomain in the potential.
Results and Discussion
Among 50 runs of the functional selection we performed, 31 selection runs generated the functional sequences as shown in Fig. 1 in the sense that the stability of the configuration at the active site has reached a level comparable to that in the simulated small natural proteins. As reported previously (18, 19) , these functional sequences assume unique global conformations. Thus, the selection of sequences for the chain to have a stable local configuration at the active site, which is a necessary requirement for the peptide to be functional, is sufficient to bring about stable global conformations. The folded structures that resulted from the independent selection runs were generally dissimilar to each other in their global structures even though they have the same local active-site configuration. Fig. 2a is an example of structural development throughout the progress of the simulated functional selection. In the beginning of the selection run (Fig. 2a Top, the 95th generation), multiple folding simulations of the sequence did not result in any definite structure and the polypeptide stayed in a random coil state. In the middle of the selection run (Fig. 2a Middle, the 126th generation), the active site tends to form a helix and a few long-range interactions involving the active site are now found. At the later generations (Fig. 2a Bottom, the 172nd generation), the selected sequence adopts a definite compact conformation that has stable helices. Fig. 2b shows the conformation change observed in a folding simulation of the evolved sequence in Fig. 2a , which resembles the evolutionary process in Fig. 2a . To quantify this similarity, we characterize the time of formation of interresidue contacts in the folding simulation of the evolved sequence as follows. For each evolved sequence, we performed 50 independent folding simulations with different realizations of random thermal fluctuation in the Brownian dynamics calculation and monitored the interresidue pair distances. For each folding trajectory, ''native contacts'' are defined to be those residue pairs for which the interresidue distance averaged over the last 10,000 steps is closer than a cut-off (see Appendix) in Ͼ33 folding trajectories of 50 trajectories simulated. Each native contact is regarded to have become ''fixed'' at the first step after which it remains formed until the last step of the folding trajectory. The number of fixed native contacts, Q fold , normalized so that Q fold equals unity when all native contacts are fixed, is a monotonously increasing function of time steps and thus serves as a measure of time. We represent the Q fold at which a contact between the ith and jth residues becomes fixed as Q ij fold for each folding trajectory. For a pair of contacts ij and kl, the difference in the Q fold of the contact fixation is defined as ⌬ ijϪkl fold ϭ Q ij fold Ϫ Q kl fold . Fig. 3 shows the distribution of ⌬ ijϪkl fold for several contact pairs, observed in 50 folding trajectories for the evolved sequence in Fig. 2b . ⌬ ijϪkl fold tends to deviate from zero for several reasons. First, the contacts near the active-site residues are fixed earlier than the other contacts (Fig. 3a) , which is consistent with the observation that the functionally important residues are often involved in folding cores (8, 21, 22) . Second, the short-range contacts are fixed earlier than the long-range contacts (Fig. 3b) .
Third, even if both contacts are long-range and involve activesite residues, the contact between two helices is formed earlier than the contact between a helix and a surrounding loop, suggesting that the contacts between helices are important for global stabilization (Fig. 3c) . In summary, the folding process of the evolved sequence is not completely random but the ordering of contact fixation has occurred concordantly with the emergence of the global structure. The distributions obtained from other selected sequences have shown similar results.
We next compare the development of the definite structure in the evolutionary selection run and the folding process of the resultant sequence in terms of the contact fixation. The time of the contact fixation in the course of the evolutionary selection run can be quantified in a similar manner. The native contact is regarded to become fixed at the first generation after which it remains formed until the last generation. The number of fixed native contacts, Q evol , normalized so that Q evol equals unity at the last generation, is a monotonously increasing function of generation. The generation at which a contact between the ith and jth residues becomes fixed can therefore be represented by the value of Q evol at that generation, i.e., Q ij evol . In Fig. 3 a-c, ⌬ ijϪkl evol ϭ Q ij evol Ϫ Q kl evol are designated by to compare them with the corresponding distributions of ⌬ ijϪkl fold . In Fig. 3d , the averaged ⌬ ijϪkl fold is compared with ⌬ ijϪkl evol for all of the pairs of contacts, where we can find a noticeable correlation between ⌬ ijϪkl fold and ⌬ ijϪkl evol (correlation coefficients are 0.62 with P Ͻ 0.0001). This result shows that the statistical tendency in the order of the contact fixation in the folding process is correlated to the corresponding order of the contact fixation in the evolutionary selection.
As the correlation obtained above is somewhat obscured by the probabilistic nature of folding, we introduce another parameter describing a degree of early fixation of contacts in folding processes, F ij fold , which is less sensitive to fluctuations over different folding trajectories than Q ij fold . F ij fold is defined to be the fraction of the number of trajectories in which the contact between the ith and jth residues is already fixed when Q fold ϭ 0.5. In Fig. 4a , Q ij evol and 1 Ϫ F ij fold are displayed in the upper left and lower right, respectively, which clearly shows the similarity in the order of the appearance of fixed contacts (the correlation coefficient is 0.72 with P Ͻ 0.001). The early fixed region includes the active-site residues (residues 39, 40, 41 and 43) and those neighboring the active site in the final conformation (residues 20, 21 and 23). In Fig. 4b , Q ij evol and 1 Ϫ F ij fold for the other selection run are shown (the correlation coefficient is 0.62 with P Ͻ 0.001). In this case, the early fixed region also includes the residues important for the global structure stabilization (residues 29 and 30), as well as the residues in the active site and those neighboring the active site. The correlation coefficients for 15 of 31 successful selection runs were Ͼ0.6. The significance of the correlation is apparent when the distribution of the correlation coefficients between Q ij evol of the selection run and 1 Ϫ F ij fold of the folding run using the resultant sequence (Fig. 5 Upper) is compared with the cross-correlation coefficients between Q ij evol of the selection run and 1 Ϫ F ij fold of the folding run using the sequences resultant from the other selection runs (Fig.  5 Lower) .
To investigate whether the correlation between two processes depends on the close positioning of active-site residues along the sequence, we have also performed the selection runs with another set of active-site residues spatially localized within the native structure of the same protein (PDB ID code 1enh), which were arbitrarily chosen so that they are well separated along the sequence. An example of the evolutionary structural development is shown in Fig. 6 , in which the random structure at the early generation (Fig. 6a ) developed into the helix bundle structure (Fig. 6b) when the configuration formed by residues 4, 8, 35, and 39 was used for the fitness calculation. In this example, the functional and foldable sequences were generated in 22 of 50 selection runs examined. The correlation coefficient between Q ij evol and 1 Ϫ F ij fold were Ͼ0.6 for 7 of those 22 runs. Thus the correlation between two processes seems to be independent on the active-site position along the sequence.
The parallelism between evolution and folding observed here could be interpreted as follows: As the evolutionary selection proceeds from the sequence with random structure, unique structure gradually develops in a contact-by-contact manner, where fixation of a new contact depends on the contacts fixed earlier. Hierarchy in the unique global structure of the evolved sequence preserves this interdependence of the contact fixation, and therefore the contacts fixed earlier in the evolution promotes the fixation of the other contacts also in the course of the folding of the evolved sequence. This picture is consistent with the observation that the folding mechanism is primarily determined by the topology of native structure of proteins (23, 24) . In addition, the energetic stabilization should affect the mechanism of the structure development in both the evolution and folding in a coupled manner. Because contacts fixed earlier in the evolution have a greater chance of being energetically stabilized by mutational design of local interactions, those contacts tend to be fixed earlier also in the folding of the resultant sequence.
From the lattice model simulations, it has been proposed that the sequences with thermodynamically stable structures are often robust against mutations (25) and that the native-state stability is gradually decreased as more mutations are introduced to the prototype sequence of the neutral net, which is a feature called the superfunnel (26) . In those studies, however, all of the structures, except for the native structure, were classified to be in the denatured state irrespective of how many native contacts they have, and the discussion was restricted to the neutral net of sequences with which the native structure remains stable. In contrast, the parallelism observed here offers an alternative view of superfunnel in which the native contacts are gradually formed both in the sequence evolution and the folding process, thus making the two structure formation processes correlated to each other. Mutational robustness of natural proteins should also be understood as a natural consequence of this parallelism. The present results offer a theoretical background for designing artificial proteins by using functional selection. Assuming the symmetry between the sequence space and the structure space, rapidly foldable sequences are expected to be found within relatively few generations, whereas slowly foldable sequences can take more generations. Therefore the most easily found functional sequences will usually be rapidly foldable sequences, which should be why the functional selection can generate foldable sequences in vitro (15, 16) . Likewise, the strategy to design the folding core (27) or use stable proteins as scaffolds at the early stage of directed evolution (28) followed by the later design of less stable peripheries should be consistent with the parallelism between natural evolutionary sequence design and the folding process. It would be also interesting to pursue the possibility to design a desirable folding intermediate through the guided selection course toward the structure at intermediate generations.
Although it is not clear now what exact roles functional selection has played in the natural evolution of proteins, we may be able to guess possible scenarios. Especially the recent identification of the ubiquity of intrinsically disordered proteins (29, 30) raises the possibility that the protein structures at the time of gene duplication and speciation were not so rigid as has usually been considered normal for the existing natural proteins. Coevolution of function and structure under slightly different selection pressures acting on a protein family with such disordered structures would lead to the examples of the present-day proteins with similar native structures but with partially different folding cores (7, (31) (32) (33) . It should be also noted that the frequent involvement of the functionally important site in folding cores (8, 21, 22) can be interpreted as a natural consequence of the functional selection in which the structure around the functional site is early developed in the evolutionary history.
Our finding can be rephrased as protein folding recapitulates the emergence of topology in molecular evolution, which is a molecular counterpart of Haeckel's statement. Critical and quantitative comparison between the structural formation process and the evolutionary history may also be applicable to other biological complex structures at molecular (34, 35) and cellular levels, which should lead to the deeper insights into the biological processes.
Appendix
Potentials for Folding Simulations. The polypeptide is represented by a chain of connected beads of ␤-carbons (20) . The interaction potential among residues is expressed by the sum of two-body potentials,
The first term of the right side of Eq. 2 is the empirical potential constructed from a library of 75 structures selected from table 2 of ref. 36 . When the spatial distance between the ith and jth residues is r and their amino acid types are p and q, the empirical potential for this residue pair, V ij,pq k (r) is
where Definition of Fixed Native Contacts. The native contacts for each evolved sequence are defined to be pairs of amino acid residues for which distances, averaged over the last 10,000 steps in each folding trajectory, are closer than cut-off distances in Ͼ65% of folding trajectories. Cut-off distances are 6.5 Å for residue pairs separated along the backbone by three to five residues, 12.0 Å for residue pairs separated by more than nine residues, and the values for residue pairs separated by six to eight residues are obtained by interpolation using the polynomial. In the evolutionary run, the native contact is regarded to become fixed at the generation after which it remains formed until the last generation. In obtaining Q fold or Q ij fold , distances as functions of time are smoothed beforehand to remove subtle fluctuations by averaging over time steps [t Ϫ 5,000, t ϩ 5,000].
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